This paper presents the controller design of a wind energy conversion system built around a self-excited squirrel cage induction machine that can be operated in both standalone and grid connected modes. The control scheme regulates the machine terminal voltage in the standalone mode and the grid side reactive power in the grid connected mode. Both a TCR type SVC and a VSI based STATCOM are employed as flexible reactive power sources. The overall control scheme has been developed and verified in MATLAB/SIMULINK platform. The power versus terminal voltage characteristics, the terminal voltage, system frequency and reactive power versus various load levels in different modes of operation are discussed.
Introduction
Wind energy is considered to be one of the primary sources of renewable energy because it is abundant and pollution free. The progress made in semiconductor technology has helped immensely in designing efficient wind energy conversion systems used for power generation. However, the high initial cost of setting up a wind turbine and lack of proper wind potential hinders its extensive usage for power generation. As the quality of the electric power (voltage, frequency etc.) generated by such a system is dependent on the available wind speed to use the system most efficiently complex control strategy has to be developed. The challenges that one needs to overcome to design such a system is well known. For a self excited machine the terminal voltage and frequency varies to a great extent [1] , [2] . As a remedy power compensators like SVC and STATCOM may be used for voltage control of such a system [3] , [4] . SVC control and STATCOM control to operate them efficiently has been discussed in [4] , [5] , [6] . Also pitch control of the wind turbine is employed to maintain the frequency of the generated voltage within the desired range [7] , [8] . The papers mentioned above looks for a pitch control strategy only for cases when wind speed is higher than the rated value. But even with the rated wind speed if there is an outage in the grid continuous power to the local load cannot be supplied and it ends up in either shutting down of the turbine or the extra energy is dissipated in braking resistors. This paper develops an overall control strategy for a self excitation induction machine. Self excitation characteristics are derived from the machine equivalent circuit. The proposed method focuses mainly on keeping the terminal voltage and frequency at a desired value in the standalone mode and keeping the grid power factor unity in the grid connected mode operation. As mentioned above in the proposed control strategy the pitch controller is made such that even if there is some outage in the grid the local loads can be supplied satisfactorily maintaining its frequency and voltages within limits. In the proposed method, in place of two back to back converters only one fractionally rated power converter is used thereby, reducing the cost. Both the proposed controllers (using SVC and STATCOM) are verified in MATLAB/SIMULINK platform. The rest of the paper is organized as follows. Section II of the paper discusses the mathematical analysis of a self excited induction machine. Section III focuses mainly on the simulation models and control strategy development. Simulation results are presented in section-IV. Finally, conclusions are drawn in section-V. 
Mathematical Analysis
Per phase steady state equivalent circuit of a self excited squirrel cage in term of per unit frequency is shown in Fig. 1 [1]. The equations (1) -(4) describe the steady state performance of a self excited induction generator. These equations are used to obtain the operating characteristics of the machine by coding in MATLAB.
(1)
The steady state characteristics showing the terminal voltage and frequency versus active power output with the operating speed and terminal capacitance as parameters for an R-L load with a power factor of 0.8 lagging are shown below in Figs. 2 and 3 respectively. 1 pu speed in these Figs is 1500 rpm. From the figures above it is clear that to maintain constant voltage and frequency at the machine terminals of a self excited induction generator (i) the generator speed needs to be maintained fairly constant, (ii) controllable reactive power has to be provided at the machine terminal. In this work the generator speed is controlled by utilizing the turbine pitch control mechanism. Two types of reactive power compensators namely a TCR type SVC and a VSI type STATCOM are used in simulation. Controllers for these items and the simulation results are discussed next.
Simulation Models
The wind turbine and the induction machine models available in simpower systems utility of MATLAB/SIMULINK platform are used for simulation. The parameters of the models are given in Table 1 . The magnetization characteristic of the induction machine is shown in Fig. 4 ; The control methodology for the machine terminal voltage with SVC and STATCOM type reactive power compensators is discussed next. The pitch control scheme is common for both these compensators. The SVC used here is of FC-TCR type. This is switched such that the machine terminal voltage is kept within a specified limit. The self excitation capacitors of the machine act as the fixed capacitors (FC) of the SVC whereas the inductor is switched by the thyristors. An inverse cosine firing scheme is used for switching the SVC. In the control scheme the actual terminal voltage phasor value is compared with a reference and the error, after passing through a PI controller produces the control voltage for SVC firing. 
In the above equations the d axis of the synchronously rotating reference frame is latched to the machine terminal voltage space vector. Therefore,
&
Now active power and reactive power are given respectively by;
Using equations (7) and (8) in equations (9) and (10) we have
d-axis controllers
From the above equations it can be concluded that the d axis current of the inverter actually controls the active power of the inverter. For the configuration of the inverter shown in the Fig. 7 the d axis component of the inverter current is used to control the dc bus capacitor voltage in such a way that it can be maintained at a fixed value. Therefore, there will be no net active power supplied/absorbed by the inverter other than some losses that it has to take from the terminals of the machine. Block diagrams of the d-axis controllers are shown in 
Simulation Results
The steady state and transient response of all the controlled variables depicted in Figs. 9 and 10 are shown in Fig.  11 (a,b,c and d) below. For this figure the generator was working in the standalone mode of operation. The speed of operation was 1500 rpm and the load connected was 8 KW at 0.8 pf lagging. Transient performance of the system : For all the figures above a resistive load of 1 kW was switched on to the machine terminal at t=47 secs while the system was operating in the standalone mode at 1500 RPM and initially supplying a load of 8 kW at 0.8 lagging power factor. In all the figures above as the load is switched at the mentioned time the changes in the control variables are clearly visible from the above graphs. 
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Reference Vt* and actual Vt Reference Actual On the other hand, as seen from Fig. 12(a) and (b) , when an SVC is used for VAR control the grid side displacement factor cannot be maintained at unity for similar operating condition as in Fig. 12(a) . Also the grid current has significant harmonic distortion. With the STATCOM the VAR control results are much better. As soon as the load is switched on the terminal voltage dips a little. The DC bus voltage or the machine current don't change appreciably. The frequency dips by about 1 Hz when the load is switched on before coming back to its original reference within 0.01 sec. This is shown in the next figure. As the wind speed suddenly changes the machine speed also changes and the machine starts to take lagging VAR from the grid in the grid connected mode of operation. However, as seen in Fig. 14 the VAR controller for the grid connected mode of operation brings the power factor of the grid back to unity within a short time. Next we focus on the using space vector modulation over normal sine pulse width modulation so that we can have the same operation with a lower dc bus voltage, thereby reducing the dc bus capacitance requirement. The above simulation is carried out again implementing SVM technique and the same results are obtained. But the corresponding dc bus voltage required is approximately 15% lower than that of sine PWM as shown from the next graph. From the above figure it is clearly visible that the DC bus voltage requirement is around 15% lesser than sine PWM. So if this technique is implemented we can have smaller dc bus capacitance. The only problem is this method is a computational intensive method and to avoid this we go for a carrier based SVM. The corresponding equations for carrier based SVM is given by; with them we will get the required waveform needed to perform SVM technique. The above equation is validated by a simulation result as shown below; From the above figure it is clear that when the grid is suddenly out and the machine operation is again returning to standalone mode there is a dip in the terminal voltage and a transient and this takes appreciable time in seconds to settle to its desired value. The reason for this is the slow response of pitch controller due to mechanical constraints of the wind turbine blades i.e. to say for the wind turbine chosen we have pitch control slew rate to be ±12º/sec. So the response is slower compared to voltage. As soon as the grid is disconnected the speed of the machine increased as only local load is present then. As it is clear from self-excited induction machine characteristics above that for a particular load to have a certain voltage at machine terminals we must have a particular speed. So as soon as the speed is increased the capacitive load line shifts away from the machine magnetization characteristics and so the flux can't be maintained thereby machine terminal voltage falls. This can be attributed as a limitation of the above scheme and future works can be done in wind turbine blade design so that more flexible blades can be made so that a slew rate of much higher than the present value can be imposed on it without mechanical damage. The paper presents a simple control technique for a self excited squirrel cage induction generator based wind power conversion system. The machine terminal frequency is kept within prescribed limits by controlling the turbine blade pitch angle. Only one power electronic converter i.e. a STATCOM or a SVC is used to control the machine terminal voltage in the stand alone mode and the machine terminal power factor in the grid connected mode of operation. The overall control strategy of the STATCOM is more complex compared to the SVC. But the performance of the system is far superior compared to what can be achieved with the passive filter SVC. In comparison to a normal back to back converter system normally used for wind power generation using squirrel cage induction machines the proposed scheme uses only one fractionally rated inverter to control the machine terminal voltage/power factor. This is expected to save capital investment towards the system as well as cut down on the losses.
Conclusion

